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Structural and magnetic properties of layered SkMn ,O45
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The magnetic and structural properties of the layered manganiténgd,s have been studied by powder
neutron diffraction and magnetic susceptibility techniques between 5 and 300 K. The structure consists of pairs
of face sharing Mn@ octahedra to form MyOg dimers. The description of the crystal structure has been
improved by employing a model in which some of the Sr and O ions are statistically distributed over two
different sites. Three different magnetic phases can be distinguished in the temperature region studied. Below
~75 K, the M sublattice is antiferromagnetically ordered with an antiparallel alignment between all
nearest-neighbor manganese ions. Betwe&b and~150 K extensive quasi two-dimensional magnetic clus-
ters are present. At temperatures abevib0 K, one can observe correlations related to intradimer spin pairing.
Truly paramagnetic behavior is not observed at any temperature below 300 K.
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INTRODUCTION interactions'® To our knowledge, no mixed valence manga-
nites in which octahedra share faces are reported in the lit-
The magnetic properties of layered manganites haverature. Doping of ¥ SrMnO; and 2H BaMnO; with a
been studied extensively since the discovery of colossdhnthanide is feasible but results in the formation of a dis-
magnetoresistancéCMR) in the n=2 Ruddlesden-Popper torted 3C perovskite'* We therefore aim to dope more com-
(RP compound Srgla; ,Mn,0,.1 In this compound plex phases that may not transform as easily into a different
MnOg octahedra share corners to form layers which arestructure. The first potential host lattice we have identified is
two octahedra thick, separated by rock-salt-like SrOthat of StMn,O;s. The structure of this compound has been
layers. The magnetic properties of these compoundsescribed beforé'3and is presented in Fig. 1. Manganese is
depend strongly on the dopant level, and the size of the@resent as M and is located solely in pairs of face sharing
lanthanide ion. Srolag 9gMIn,0;, €.g., orders antiferromag- octahedra which are similar to those found if &rMnO,. 14
netically at~210 K? but Sk dLa; ;Mn,0; (Ref. 1) is a fer-  The Mn,Og groups are linked to six analogous groups in
romagnet below 126 K. However, an increase in the rareSrMnQO;, but only to three in SMn,O;5. Two crystallo-
earth content in SNdMn,O;, does not result in a ferromag- graphically distinct Mn cations can be distinguished in this
netic phase, and antiferromagnetism is observed throughostructure. Miil) shares two oxide ions with two neighboring
the series:* Finally, if the lanthanide is sufficiently small, dimers, whereas M8) shares only one oxide ion with a
such as Ho or Y, a spin-glass-like state is observ€MR  neighboring dimer. The Mi1)-O-Mn(2) coupling creates
has been observed in mixed valente 2 RP phases that columns which are joined by Mmth)-O-Mn(1) linkages every
contain rare earth cations larger than Sm, but was not foune-10.3 A to form layers. In this way a 2D compound with a
when smallerR ions are preserft’ The average formal va- strong in-plane anisotropy is formed. The structure can thus
lence of these M#T/Mn** containing compounds also influ- be considered as a combination of the=1RP phase of
ences the CMR, and a value of aboti3.4 appears to SpLMnO, (Ref. 15 and the 4 perovskite SrMn@** a
be optimal. However, CMR is not limited to mixed valence single layer compound with M@, dimers as principle
compounds, but it is also found in some compounds irbuilding blocks. The structure of n,O,5 is fairly flexible
which manganese has a formal valence very close-49  and up to~30% of the Sr ions can be replaced by Ba and Ca
e.g., the pyrochlore IMn,0,2 and then=3 RP phase ions, without any significant change in the crystal structdre.
Ca,;Mn30;0.° The application of chemical pressure does cause the cell
All the compounds mentioned above have one importanparameters to change in an anisotropic fashion, thus reflect-
structural feature in common: MnQoctahedra share only ing the cation ordering that occurs between the different al-
corners to form a two-dimension&D) or 3D network. Cur-  kaline earth metal ion¥
rently, we are investigating the possible presence of magne- Up to date, little information is available on the electronic
toresistance in compounds in which the MnOctahedra and magnetic properties of $4n,0.5. Only the high-
share not only corners but also faces. As a result the Mntemperature behavior of the electronic conductivity has been
O-Mn super exchange pathways are not restricted to 18Q3ublished, reporting that the material is a highly resistive
interactions only, but it allows for competition with 90° insulator!® Due to this very high resistivity, S¥n,O;s is

0163-1829/2001/621)/21440310)/$20.00 64 214403-1 ©2001 The American Physical Society



VENTE, KAMENEV, AND SOKOLOV PHYSICAL REVIEW B 64 214403

(XRD, CuKaq,,) were recorded using a Siemens D5000
9) OOO OOO diffractometer operating at room temperature in Bragg-
Brentano geometry over the angular range<88<80°

in steps of 0.02°2 This limited angular range was used
because no peaks with an appreciable intensity above the
background level were observed at higher angles. Variable
temperature time-of-flight powder neutron diffraction data
(PND) were obtained on the instrument Osiris at the ISIS
facility, Rutherford Appleton Laboratory. Data were col-
lected at~20 different temperatures between 5 and 290 K
using an orange ILL cryostat, in the-spacing range
0.96 A<d<7.11 A on the sample contained in a cylindrical

OO
) ‘.
WV \‘ ~) vanadium can. The data were normalized @dependence
R < of the primary beam and corrected for detector efficiency

l’.
& rle A
A and empty sample holder effects. The widths of the

X Bragg reflections of SMn,O;5 proved to be comparable
with those of Si, this together with the high degree of
peak overlap at smallil spacing made us decide to use a
relatively small part of the detector bafik0%) to obtain the
highest resolution possible at the cost of reduced counter
statistics.

All neutron diffraction data were analyzed by the Rietveld
method!’ as implemented in thessas program suité?
Scattering lengths and the magnetic form factor for*Mn
were used as provided by this software package. The back-
ground levels were modelled using a power serie® irEq.

(4) in the GsAs package, six parametér® account for the
increase in the background wit. The peak shape was de-
scribed using a convolution of the Ikeda-Carpenter and
pseudo-Voigt functions after David (three refineable pa-
rameters Also a wavelength-dependent absorption correc-
tion according to an empirical formula after Heffatvas
included.

FIG. 1. Two views of the crystal structure of;8m,O,5, Mn(1) Direct current magnetl_zatlon measurements vyere per-
(light) and Mn(2) (dark octahedra are shown, and Sr is shown asformed on a Quantum Design MPMS superconducting quan-

circles. (a) emphases the linking within planes, white shows the ~ tUm interference dev_ice magnetometer in the temperature
columns and Stack”']g of the p|anes_ range 5 I‘(iTg 300 K, n magnetIC fle|dS Of 100 and 1000 G

The data were collected on warming after cooling the sample

unlikely to show magnetoresistance, but we hope to be abl@ zero field(ZFC) and after cooling in the measuring field

to reduce the resistivity by doping with a lanthanide. In the(FC). The same sequence of measurements was applied for
current report, we present and discuss the results of an efde other members of the series; SiCa/Ba)Mn,Oy5.**
tensive study of the unique structural and the intriguing magHysteresis loops in the range 2 kGsH<2kG were re-
netic properties of novel avm4015 in which manganese is corded after cooling in a field of 2 kG at selected tempera-
found as l\/“‘*+ 0n|y, using variable temperature neutron dif- tures. The ac Susceptlblllty was measured in the temperature
fraction and ac/dc magnetization measurements. Our resultgnge 5 KsT<300K, in dc bias fields of zero and 1 kG
and conclusions should be of special interest as a test syste#ith the amplitude of the oscillating field of 1 dr2 G at 1,

to theoreticians who develop models of magnetic interactiond0, and 113 Hz.

b C)
4-'-’,1\",‘.

go
l. B
o
7\

in manganese oxides. Several attempts were made to measure the conductivity
using a standard four probe dc technique on pellets
EXPERIMENTAL SrMn,Oq5. The resistance of the pellets proved to be too

high to be measured with our equipmeptl MQ)), over

The synthesis of m 8 g polycrystalline sample of the full temperature range used (5K <350K), and
SrMn,0;5 was started by heating a stoichiometric mixturewe were unable to establish the possible presence of
of high purity SrCQ and MnQ in an alumina crucible in magnetoresistance.
air at 800 °C(1 d). Subsequently, the mixture was reground
and pelletized and fired at 1000 {Cd), 1200°C(1 d),
1300°C(10 d) with further grindings. After the last
firing the sample was furnace cooled to 1000 °C and subse- The XRD pattern of our final product was identical to data
quently air quenched to room temperature. X-ray datacollected previously on other sampfés:3and the PND col-

RESULTS
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TABLE I. Structural parameters of $n,O;5 at 290 K. Space |ected at 290 K was consistent with our simulations based on
group P2;/c; a=6.8182%9), b=9.622§1), c=10.3801(1) A,  the published crystal structure dtaut the structural refine-
B=91.87719)°, V=680.68(1) X, all atoms at 4. For all St ment using the 29 K PND data resulted in a nonsatisfactory

Uiso=0.007(1) 2, for all Mn Uj,,=0.001(1) 2, for all O U;g,
=0.0147). Agreement indicesR,,,=7.66%, R,=9.95%, DWd

=1.15, xre=1.91 for 59 variables.

fit. Inspection of the difference Fourier map, indicated that
Sr(3) and Q6) ions were actually displaced from their posi-
tions. In addition, their individual displacement parameters

appeared to be abnormally high. A significant improvement
of the fit was achieved when these ions were allowed to

Atom X y z
Sr(1) 0.99749) 0.18616) 0.46215)
Sn2) 0.351(1) 0.154@5) 0.19365)
Sn(3)2 0.50Q3) 0.0211) 0.51Q1)
Sr(4) 0.18289) —0.0195) 0.834%7)
Mn(1) 0.5891) 0.1651) 0.92489)
Mn(2) 0.7811) 0.17019) 0.71998)
0(1) 0.5141) 0.10387) 0.7525%7)
0(2) 0.6821) 0.17587) 0.33897)
0(3) 0.331(1) 0.25288) 0.95327)
O(4) 0.8391) 0.08457) 0.88527)
o(5) 0.6821) 0.222Q7) 0.08398)
0(6)2 0.5033) 0.0053) —0.0242)
o(7) 0.8391) 0.01487) 0.62216)
0O(8) 0.0241) 0.24926) 0.711Q7)

move from their ideal position to a general position with a
fractional occupancy of 0.5, thus keeping the composition
unchanged. We applied constraints to keep the displacement
factor of each type of ion the same. In addition it proved to
be necessary to include a parameter describing absorption
effects. At this point, the refinement rendered unstable due to
correlation effects between the scale factor, the absorption
correction and the displacement factors. We, therefore, fixed
the absorption at such a value that reasonable displacement
factors were found. This fixed value for the absorption
was subsequently used in all the Rietveld refinements using
PND collected at the various temperatures. The refined
structural parameters of 34n,0;5 at 290 K are presented

in Table I, and a list of bond distances and selected bond
angles is given in Table Il. The diffraction profiles are shown

% ractional occupancy of &) and Q6) is 0.5.

in Fig. 2.

TABLE II. Bond lengths(A) and bond angleédeg in SEMn,O;5 at 290 K. Mean Sil)-O (8 coordination: 2.5512) A, Sr(2)-O (10
coordination: 2.6713) A, Sr(3)-O (10 coordinatioit 2.7722) A, Sr(4)-O (10 coordinatioft 2.7418) A, Mn(1)-O: 1.908) A; mean
Mn(2)-0: 1.928) A.

SH1)-0(2)
Sr(1)-0(3)
Sr(1)-0(4)
SH1)-0(5)
Sn(1)-0(7)

Sr(1)-0(8)
Sr(4)-0(1)
Sr(4)-0(2)
Sr(4)-0(3)
Sr(4)-0(4)

S1(4)-0(5)
Sr(4)-0(6)

Sr(4)-0(8)
Sr(3)-Sr(3)
O(3)-0(5)

O(3)-0(6)
0O(5)-0(6)

0(2)-Mn(1)-0(5)
Mn(1)-0(2)-Mn(2)

2.4679)
2.361)
2.5719)
2.6789)
2.6029)
2.4129)
2.651)
2.691)

2.631)
2.651)
2.91Q9)
2.5549)
3.021)
2.4499)
2.592)
2.862)
2.9229)
2.8189)
0.453)

2.721)
2.662)
2.583)
2.653)

Sr(2)-0(1)

S1(2)-0(2)
S1(2)-0(3)

SH(2)-0(4)
SK(2)-0(5)
S1(2)-0(6)

Si(2)-0(7)
Sr(2)-0(8)

Mn(1)-O(1)
Mn(1)-O(2)
Mn(1)-O(3)
Mn(1)-O(4)
Mn(1)-O(5)
Mn(1)-O(6)?

Mn(1)-Mn(1)
Mn(1)-Mn(2)

0(1)-0(2)
O(1)-0(4)
0(2)-0(4)

94.26)
79.74)

2.7029) SK(3)-0(1) 2.642)
2.6399) 2.972)
2.68009) S1(3)-0(2) 2.662)
2.851) 2.772)
2.671) S1(3)-0(3) 2.842)
2.5719) 2.522)
2.641) S1(3)-0(5) 2.862)
2.902) 3.261)
2.552) S1(3)-0(7) 2.552)
2.8539) 2.672)
2.421)

1.94(1) Mn(2)-0(1) 1.982)
1.89(1) Mn(2)-0(2) 2.061)
1.981) Mn(2)-0(4) 1.931)
1.931) Mn(2)-0(5) 1.86(1)
1.831) Mn(2)-0(7) 1.86(1)
1.743) Mn(2)-0(8) 1.841)
2.052)

3.772) 0(6)-0(6) 0.533)
2.531)

3.651)

2.561) 0(5)-0(7) 2.771)
2.591) 0(5)-0(8) 2.661)
2.599) o(7)-0(8) 2.731)
Mn(1)-O(5)-Mn(2) 162.97)
Mn(1)-O(6)-Mn(1) 167(1)

850% occurrence.
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120 — SrzMng045 at 290K

100 —

80 —

FIG. 2. Observeddots, cal-
culated (top line), and difference
(bottom line@ PND profiles of
SrMn,O45 at 290 K. Reflection
positions are marked.

60 —

40

Intensity (Arb. Units)

20 -

0 [ T RER T 11 T T O [ B I [

1 2 3 4 5 6 7
d - spacing A

The dc molar susceptibility of @vin,O,5 is plotted as not a transition from a high temperature paramagnetic state
afunction of temperature in Fig(8®. Attempts to model the to a low temperature 3D-magnetically ordered state.
high-temperature region using a Curie-Weiss law resulted iThe slight difference between the ZFC and FC susceptibili-
nonsensical value$u.z=4.47ug per Mn, 6=—490 K). It  ties at even lower temperatures, along with the small
immediately became clear that interatomic magnetic interacdisplacement of the center of the FC hysteresis loop at 5 K
tions are significant throughout the measured temperatur@way from the origin[Fig. 3(b)], is characteristic for spin-
range. A clear maximum is observed-a®0 K, which might  glass-like behavior. The magnetic susceptibility of the com-
be indicative of the onset of cooperative effects. The rathepounds Sy_,(Ca/Ba)Mn,O,5 did not show a significant
large width of this maximum, however, suggests that this islependency on the calcium and/or barium contéin.order

to get a more detailed insight in the spin dynamics of

7 SrMn,O,5 we measured the ac susceptibility as shown in
] a) Fig. 4a). The plot of y,. vs T is rather featureless, and does
2 16 -
~ 20 -

o © 1Hz
§ 15 =18 X 10Hz
% Y € 16—+ + 113Hz
— 14+ A Zero Field Cooled o 14
= O Field Cooled s
£ I Curie-Weiss fit o 124
lo _
T T T T T T T c 10
0 50 100 150 200 250 300 = 8
T(K) -
2 — <
......... 5K >
o ---7K b) £
E) — 150K o
) @
-~ o
= -1 =
~
2
- =
T I T I T I © T T 1 I T
150 100 -50 0 50 100 150 50 100 150 200 250
H (G) T(K)

FIG. 3. The ZFC and FC molar magnetic susceptibilities mea- FIG. 4. The ac magnetic susceptibility as a function of tempera-
sured in a dc field of 100 @), and the central part of the hysteresis ture at three different frequencies measured at zero bias field with
loops after cooling the sample in 2 k@®). an amplitude of 2 Ga), and the partial differentiadx,./JT(b).
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not show any frequency dependency. The slight upturn at @ Mn(1)
temperatures below-20 K is also observed in the dc sus-
ceptibility of all compounds measured and appears to be an ® Vn(2) :

intrinsic property of the Sr ,(Ca/Ba)Mn,O,5 series, rather
than the result of a slight impurif}. The differential
dxacl dT [Fig. 4(b)] was fitted to four-term polynomial which
shows a weak maximum at70 K rendering the transition
from concave to convex behavior gf,.. The combined
analysis of the dc and ac magnetic susceptibilities does not
provide enough information about neither the presence or
absence of a long-range magnetic order, nor about a possible
transition temperature.

To resolve the ambiguity in the magnetic susceptibility
measurements we collected PND patterns at various tem- X
peratures between 5 and 290 K. In comparison with the data
collected at 290 K, the data set collectedbak contained a FIG. 6. The magnetic structure of $n,0;s.
considerable number of additional Bragg peaksl aalues

larger than 3 A(Fig. 5), which we assumed to be magnetic in they decrease to the noise levelaf5 K, thus providing an

origin. All the additional peaks could be indexed using theggtimate for the KNel temperatureTy). The temperature de-

crystallographic cell and no cell muItipIicatiqn was r,equ"ed'pendence of the magnetic moments per Mn site is depicted in
The presence of thel 0 0t and{0 0 2 reflections indicated Fig. 7(a) for T<75K. We show in Fig. T) the average
that the moments are directed along thdirection. Several background level in thel-spacing range 4.6 &d<6.6 A
models were tested, an_d the one in which ea_ch Manganeyle took care not to include any intensity originating from
couples antiferromagnetically to the nearest neiglisa. 6) llowed Bragg reflections, and we thus excluded the follow-

provided the best fit to the observed data. The ordered md: _
ment refined to a value of 2.83 ug per Mn. We cannot be ing parts: 4.86 A<d<4.98 A, 5.09 A<d<5.22 A, and

sure about the absolute value of the quantity, due to the coP-48 Asdss_eg A, where th¢l 1—-1},{002, and{1 1 G
relation effects discussed earlier in this paper. However, wéeflections are located, respectively. There is a general trend
are confident that the values are self consistent and that ttff an increasing background level with increasing tempera-
comparison between different temperatures is valid. We wilture, which can be attributed to the influence of phonons.
come back to this in the discussion. No crystallographicHowever superimposed on this trend, is a broad but clearly
phase transition was observed and the cell parameters ¥isible peak present with its maximum centred-a85 K,

5 K refined to the following valuesa=6.809288), b suggesting the presence of magnons resulting in regions with
=9.59991), c=10.3492(1) A, angB=91.9221)°. We fol-  correlated spins just abovEy. The presence of this in-
lowed the development of the intensities of the magneticreased background level is illustrated in Fi¢c)7where we
Bragg reflections with increasing temperature and found thadepict the background level ) at 5 and 85 K relative to

~ = b=
2 [aY] N -
Pl - ¥ = | = Sr7MnyO145 at 5K
o - o o -~ =
150 — = b 2 ©
1 = -
L —~ B
H N .
o
= =
& 100~ s = & : FIG. 5. Observeddots, cal-
T & o Ag culated (top line), and difference
2 NP I (bottom line@ PND profiles of
< NV SrMn,O;5 at 5 K. Reflection po-
~ 50 — H .
> =k sitions where nuclear and/or mag-
‘o 1] . . .
% H netic Bragg intensities may be ob-
= served are marked. The main

g peaks are indexed and those with
PUmne e e b Co a predominant magnetic contribu-
tion are labeledM).

AR 4R T b d

50 MR L AR T

‘,-‘.“. Ty Him Y ,.’“.‘ I

(AL RAL A
il P

| t

3 4 5 6 7
d- spacing (A)
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FIG. 8. The relative cell parameters, fbra, b, andc, as a

function of temperature, the estimated standard deviation is consid-
erable smaller than the size of the marker.

T T T T T T T <30K. The behavior of the interdimer Mb-Mn(2) bond
0 50 160 150 200 250 300 length is very different. Above 85 K, this distance is constant

T® within the error bars at-3.64 A. On further cooling, it de-
0.6 creases to~3.58 A below 30 K. This shortening might be
5 I(85K) - L,(290K) ©) related with exchange striction effettsaused by the onset
§ 0.4 — of long range magnetic ordering. The interdimer (YA
T Mn(1) distance is not very well established, but the values
3 % 0.2 for T<30K appear to be larger than those at higher tempera-
2> tures. The MKL)-O(1) bond length and @)-Mn(1)-O(5)
& g 0.0 bond angle are presented in Fig. 101D{0(2)} is located
e < L(5K) — [,(290K)
g -0.2
g Wu 26004 4 a
.0.4_I ) 2.58 — +++
T T T T T 256 +
45 5.0 55 60 6.5 —_ + + +
d - spacing (A) T 254 f + + } 4 }
FIG. 7. (a) The ordered magnetic moment on the manganese 252 — +++ + +
sites;(b) the average background level as a function of temperature; 2.50 +
(c) the relative background level at(fp) and 85 K(bottom) cal- 248 ]
culated according to I,(5 K)—1,(290 K} and [,(85 K) 3.66 —
—1,(290 K), respectively. ' + b)
that at 290 K. The horizontal zero line represents the back- 564 +# + * + + * + + +
ground level at 290 K. < 362~ + +
To study the relative influence of the different superex- 5 3.60 +
change interaction pathways as well as the possible presence + +
of spin pairing, we have determined the crystallographic 3-58—k +
properties as a function of temperature. The relative cell pa- 3.56 -] +
rametergl/l,90x, Fig. 8 change smoothly with temperature, 3.88 -
and thea axis showing the smallest reduction on cooling and 3.86 + 0
the ¢ axis the largest0.15 and 0.3 % respectivelyLittle +
variation is observed below 50 K; and there are no indica- - 884 - ++
tions of discontinuities. The monoclinic angig) increases ‘% 3821 1 + + +
very slightly (0.05% with decreasing temperature. In Fig. 9 3.80 - + +++ +
we depict the three different characteristic Mn-Mn distances 3.78 - + + + +
present in S$Mn,O,5 as a function of temperature. In con- 3.76 + + + +
trast with the smooth changes of the cell parameters, clear ’

discontinuities can be seen, despite the relatively large error
bars in this graph. Above 130 K, the intradimer {MMn(2)
distance is roughly constant at2.54 A, but it becomes
somewhat smaller in the interval 75KI=<115K

214403-6

T ; T T T J
50 100 150 200 250 300
T(K)

FIG. 9. The intradimer M(l)-Mn(2) (a), the interdimer Ml)-
(~2.51 A). Surprisingly, on further cooling the distance in- Mn(2) (b), and the interdimer Mi)-Mn(1) (c) distance as a func-
creases again and becomes almost constant, at 2.58 A, tion of temperature.
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2.04 a) nificantly larger thanU,; and Us;. The relative scattering
2.02 - + + power of O compared with Sr and Mn is much higher in a
2.00 — #H + PND experiment than in an XRD experiment, and it is for
_ 198+ this reason very well possible that Kriedetlid not observe
% 1.96 td 4 this oxide disordet? The origin of this positional disorder is
1.94 + + + + + not very obvious. The Mi)-Mn(1) distance via @) does
:'Zcz) 7 H’ + + not appear to be too short to require a buckling of the Y
T + 0O(6)-Mn(1) bond angle. On the other hand though, the dis-
1.88 : . .
placement of the Sr cation appears to result in a slightly more
100 — b) favorable bond valence suth.The O-O bond lengths are
99 # consistent with other oxides. Those in the face separating the
~ o8 H two MnOg octahedrd~2.57 A) are significantly shorter than
° + + + those at the edges-2.66 and~2.72 A), providing enough
> 974 shielding to compensate for the repulsive forces between the
® 95 +H + + + two positively charged Mn ions located at a short distance
+ + + {’ + f h oth
05 Jl + + rom each other. _ _
The variation of the cell parameters with temperature is
o H T T I T T I anisotropic. Thea parameter shows a much smaller change
0 50 100 150 200 250 300 compared to thé andc parametergFig. 8), indicating that
T(K) the interplane distance is much less affected by the tempera-

ture than the intraplane distances. The temperature depen-
dence for all the cell parameters is smooth without any no-
ticeable features. This is remarkable given the pronounced
) o temperature dependence of some of the bond distances as
opposite from the (){O(6)}, the oxide ion that connects || he discussed below. The structure is apparently flexible
Mn(1) {Mn(1)} with Mn(2) {Mn(1)}. Both Q1) and Q2),  enough to absorb these changes, by adjusting other bond
together with @4), are found in the central plane of the gistances.

Mn;Og dimers. On cooling the Mi1)-O(1) distance in- However, the main topic of this paper is the rather intrigu-
creases at-75 K from ~1.92 t0~2.00 A.The @2)-Mn(1)-  ing magnetic properties of the title compound,\8n,O;s.

O(5) bond angle is constant above 85(K95.59, but in-  \yhen we first observed the maximumyig, vs T at ~100 K
creases steadily belcl)wl this temperature reaching a maximumig_ 3), we interpreted this as the transition from a paramag-
of ~99.0° at 5 K. Similar relations could not be found for petic state to an antiferromagnetically ordered state. How-
Mn(2). All these data seem to indicate that Mphas a much  gyer, this maximum appeared to be too broad for a conven-
higher positional freedom than N, and that the main con-  jonal Neel temperature. In addition, the non-Curie-Weiss
tribution to the chances of the NIH-Mn(2) distances is  pehavior of the high-temperature part made us doubt the in-

FIG. 10. The Mii1)-O(1) bond length(a) and the @2)-Mn(1)-
O(5) bond angle(b) as a function of temperature.

achieved through a movement of Kn. terpretation of the high-temperature region. Finally, the fact
that all compounds $r,(Ca/Ba)Mn,O,5 showed the same
DISCUSSION behavior within the errorst made us question the explana-

tion of the low-temperature region. The variable temperature

The structural chemistry of @vin,O;5 as determined by neutron diffraction experiments prove unambiguously that
us differs from that reported before by KriedéIThe formal  Sr,Mn,O,s shows long-range antiferromagnetic order below
valence of manganese is not reduced from the expected value75 K, and thus that the maximum at 90 K on the dc sus-
of 4, as can be concluded from the bond lengths listed irceptibility curve is not related to the Metemperature. The
Table Il. We do not observe the presence of a Jahn-Tellemagnetic structure is consistent with that commonly found in
distortion which might have been present for t&ion  magnetically ordered manganites with a hexagonal perov-
Mn3*. In addition the average bond lengths1.91 A), as  skite related structure. In such compounds, octahedra share
well as the spread, are consistent with that found in othefaces and the moments are normally aligned perpendicular to
Mn*"  containing compounds such as ,®m;0,,?° the hexagonal axis, and thus parallel with the face which the
Ca_,Sr,Mn0,,2* SrMnO;,* S1;Mn3044,2° and BaMnQ.2%  two-paired octahedra have in comnfSrfé In addition, anti-
Our cell parameters are in perfect agreement with those rderromagnetic coupling is present between all nearest-
ported beford?*3In contrast with earlier determinations we neighbor transition metal ions. These characteristics are also
do observe that two atoms which were located on a higliound in the current compound, and the magnetic moments
symmetry site by Kriegéf are actually evenly spread over are fully compensated within the layers. The relatively low
two general sites with an occupancy of 0.5. It is of coursestructural symmetry of SMn,O,5 allows us to determine the
possible that our powdered sample is genuinely differenexact direction of the magnetic moment. The moments are
from the single crystal used by Kriegel, but there are reasonaligned within the layers and are parallel with theaxis.
to believe otherwise. First, the anisotropic displacement facMagnetic coupling between the layers is achieved through
tors in the original paper provide a hint that(3ris not  multiple AFM Mn(2)-O-Sr-O-Mn(2) superexchange path-
located on the high symmetry site, bs, of this ion is sig- ways with a Mn-Mn separation 0f5.7 A. The observed
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magnetic moment of 2.83(2) is somewhat lower than the large temperature range and that it is still present at 300 K,
theoretical value for Mh", gS=3ug, but higher than the the highest temperature used in our studies. We will now
commonly observed value of about 23.2>?® This shows show how this model can account for the apparent contradic-
that although we can not be sure about the absolute value ¢ibn between the negativeyy./dT and the positive)x 5o/ I T

this quantity due to the correlations in the refinement, theabove 120 K. SiMn,0,5 does not behave as a simple para-

corrections we have applied are reasonable and that our ifmagnet abovely, and in the absence of long-range mag-

terpretations are valid. netic correlations, the dc susceptibility mainly reflects the

The neutron diffraction patterns collected between 60 andegree of short-range order in the magnetic sublattice. The ac
150 K show further an enhanced background level at a relasusceptibility probes, in addition to this, also the degree of
tively large d spacing. We assign this to the presence ofmobility of the moments in response to the oscillating mag-
extensive short-range magnetic correlations, with a clustemetic field. The above mentioned spin pairing is antiferro-
like behavior. The alternative description of increased incomagnetic in nature and thus gives a reduced susceptibility
herent scattering is inconsistent with the fact that the effect isompared to the free ion model. With decreasing temperature
only observed over a very limited temperature range. Thesghe spin-spin correlations in the dimers become stronger and
magnetic clusters are likely to have a two-dimensionakhus the susceptibility does not increase as much as expected
character as the largest nearest-neighbor interdimer Mn-Mgn the basis of a Curie-Weiss law. This results in a dc sus-
distance is~3.7 A and the shortest interlayer Mn-Mn dis- ceptibility which can be modelled artificially by using an
tance is~5.7 A. Not only the PND experiments hint at the unreasonable large Weiss temperature. Single ion anisotropy,
presence of clusters but also the magnetic susceptibility mea@hrough spin-orbit coupling, rules that the moments have a
surements. The presence of a small but significant divergengsreferential orientation along the axis. In the absence of
between the FC and ZFC data beldy indicate that not all  |ong-range magnetic order in the manganese sublattice, the
the magnetic moments are totally compensated. The smatfluence of spin-orbit coupling increases with decreasing
values of the susceptibility combined with the fact that thetemperature and the paired magnetic moments “freeze” into
center of the FC hysteresis loop%K is notcentered around  the lattice leading to a decrease f.. As discussed above,
the origin rule out a minor spin canting, and indicate spin orcluster formation starts at150 K and on further cooling,
cluster-glass-like behavior. these clusters grow in number and size, leading to a decreas-

One of the short-range coupling mechanisms to look at, isng slope of theyq. and eventually to a maximum at100
the spin pairing as has been observed between the spins Rf Around this temperature the magnetic susceptibility is
two Mn*" ions in the MO, dimers of SrMn@.** Such a  dominated by those clusters and the influence of paramag-
spin pairing is unlikely to cause the high background featurenetic uncoupled Mn ions becomes very small. At even lower
in the PND as it is only effective over very short distancestemperatures the number of clusters decreases while they
(~2.5 A). Our data thus indicate that interdimer coupling is continue to grow in size. Since the intradimer Mn-Mn inter-
present below-150 K. Above this temperature the contribu- actions remain the dominant magnetic forgg, continues to
tion to the background from the magnetic fluctuations disapdecrease with decreasing temperature in this temperature re-
pears. The only type of short range correlations which mighgjion. At the Nel temperaturé?75 K) the clusters have grown
still be present above 150 K is a spin pairing of the typelarge enough to allow the development of long range mag-
observed below 350 K in SrMnOHowever, the dc suscep- netic order and both magnetic susceptibilities start showing a
tibility above Ty of SrMnO; and SyMn,O;5 behave very  similar temperature behavior. The maximumdig,./dT co-
different. The dc susceptibility of SrMnQOabove Ty in- incides with the temperature at which we observe the onset
creases with increasin similarly to the behavior of a poly- of long range ordering, and is likely to be related to this
crystalline antiferromagnetically ordered compound. Con-effect.
trary to this, x4. of SirMn40O,5 decreases with increasirg A confirmation of this hypothesis can be found in the
above 120 K(and thus abov@), analogous to a paramag- development of the M{1)-Mn(2) intradimer distance with
net. The dc magnetic susceptibility data thus seem to indicatemperature. This bond length increases on cooling through
that no spin pairing is present in $n,055. The structural the Nesl temperatur¢Fig. 9a)] despite the fact that M)
data, on the other hand, show a very similar intradimerand Mn2) are coupled antiferromagnetically. Exchange
Mn-Mn distances for SMn40,5 and SrMnQ@ (2.53 and 2.50  striction effects would favor a reduction of the bond length
A, respectively, at~290 K) and thus imply that such a cou- under these conditions, as is most clearly observed for the
pling scheme could indeed be possible. interdimer Mr{1)-Mn(2) distance[Fig. 9b)]. The only rea-

In the discussion on the possible spin pairing insonable explanation is that the intradimer bond length is al-
SrMn,O4s it is important to remember that the Mg@cta-  ready reduced due to intradimer spin coupling. Beloy a
hedra in SfMn,O5 are very irregular and that it is therefore compromise has to be achieved between the competing in-
not straight forward to predict how the different energy lev-teractions, and as a result the intradimer (lJaiMn(2) dis-
els ofd orbitals are arranged. If the octahedra were perfectltance is somewhat enlarged, in favor of the interdimer dis-
regular, the structure would consist exclusively of Mmvith  tances. This effect is so strong that the intradimer Mn-Mn
a half filled t,4 triplet and an emptye, doublet. When the distance actually becomes larger than that at room tempera-
octahedron is elongated, thg, orbital splits into arey dou-  ture. Interestingly, the 180° M)-O(6)-Mn(1) bond length
blet and ab,q singlet which is higher in energy. We suggest s also increased on the transitifffig. 9(c)]. Apparently, the
now that the spin pairing continuously diminishes over aexchange striction of the relatively long NIn-O(6)-Mn(1)
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distance(3.77 A at 290 K is too weak to compete effectively CONCLUSION
with that of the shorter M¢1)-O(5)-Mn(2) bond (3.65 A at
290 K). This effect is likely to be even more strengthened by
the two following independent factors. First, the ({p

With the discussion in mind we can now describe the
magnetic properties of @vin,O,5 as a function of tempera-
N I ture. At temperatures close to room temperature, a high de-
O(2)-Mn(2) bond makes an angle 6f65° with the direction .06 of spin pairing within the manganese dimers is present,
of the magnetic moment, where as this angle-B0° for the ;¢ it js unlikely to be complete. We thus to not observe a

Mn(1)-O(6)-Mn(1) bond, rendering a stronger attractive gharp transition from a truly paramagnetic to a spin paired
force for the former. Secondly, the NIH-Mn(2) interaction  state as observed for SrMg@t 350 K1*2°0n cooling short
is twice as abundance as the MRMn(1). Itis very hard to  range correlations become more and more important, and
assess the influence of the disorder of6Othrough the  antiferroamgnetic clusters start to form atl50 K. Those
Mn(1)-O(6)-Mn(1) bond angle on this force. clusters can be low dimensional because of the layered na-
Returning to the low-temperature magnetic susceptibilityture of this compound and they start to dominate the suscep-
data; we can only speculate about the origin of thetibility at ~100 K. Below this temperature, three dimen-
upturn below~25 K observed in both dc and ac data sets. Asional long-range correlation start to form resulting in a
similar behavior was found in the dc susceptibility of otherreduction of the susceptibility and background level in the
batches of SMn,O;s and in that of all other PND experiments. Long-range antiferromagnetic order is fi-
Sr,_,(Ca/Ba)Mn,0;5s compound$! The fact that the upturn hally established at-75 K.
is always present indicates that it is likely to be an inherent
effect and not due to an impurity. One of the possible causes
might be intrinsic crystallographic errors resulting in dan-  We are grateful to Ken AndersdifSIS, Rutherford Lah
gling ends, or manganese ions in individual octahedra, whictlberto Vega(CINVESTAV), Satish Tiwary(The University
remain paramagnetic down to the lowest temperatures. Amf Edinburgh, and Martin R. LeegUniversity of Warwick,
other explanation for the upturn could be a reentrance oK) for experimental assistance. This work was financially
spin-glass-like behavior as discussed earlier. More studiesupported by the CONACy{Grant No. 33171-E, JFVand
are required to clarify the nature of this feature. by the EPSRQGrant No. GR/M75471, KVK
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